High quality semipolar and nonpolar GaN is crucial in achieving high-performance GaNbased optoelectronic devices, yet it has been very challenging to achieve large-area wafers that are free of basal-plane stacking faults (BSFs). In this work, we report an approach to prepare large-area, stacking-fault-free (SF-free) semipolar GaN on (4-inch) sapphire substrates. A root cause of the formation of BSFs is the emergence of N-polar (0001 ̅ ) facets during semipolar and non-polar heteroepitaxy. Invoking the concept of kinetic Wulff plot, we succeeded in suppressing the occurrence of N-polar GaN (0001 ̅ ) facets, and consequently in eliminating the stacking faults generated in (0001 ̅ ) basal-planes. The result was confirmed by transmission electron microscopy, cathodoluminescence, and low-temperature photoluminescence characterizations. Furthermore, InGaN light emitting diodes with promising characteristics have been produced on the SF-free semipolar (202 ̅ 1) GaN on sapphire substrates. Our work opens up a new insight about the heteroepitaxial growth of nonpolar/semipolar GaN and provides an approach of producing SF-free nonpolar/semipolar GaN material over large-area wafers which will create new opportunities in GaN optoelectronic and microelectronic research.
, and (303 ̅ 1) [2] [3] [4] [5] [6] [7] [8] . However, all these high-performance devices could only be realized on bulk GaN substrates, which were produced by cross slicing of (0001)-oriented GaN crystals prepared by either hydride vapor phase epitaxy HVPE or ammonothermal growth [2] [3] [4] [5] [6] [7] [8] [9] .
The resulting nonpolar and semipolar substrates, while being of high microstructural quality with very low densities of stacking faults (SFs) and dislocations, are of very small and irregular dimensions defined by the shapes of as-grown crystals. The dimension and price of these substrates severely hinder the effort in mass-producing semipolar and nonpolar devices [2] [3] [4] [5] [6] [7] [8] [9] .
Since 2000, tremendous efforts were exerted on the heteroepitaxy of nonpolar/semipolar
GaN on large-area, industry standard substrates including sapphire, silicon, or SiC substrates.
These efforts evolved over time in approximate three generations. The first generation is planar heteroepitaxy of GaN directly on sapphire or SiC substrates. Planar heteroepitaxy of nonpolar and semipolar GaN suffered from a high density of SFs, including basal-plane SFs (BSFs) and prismatic SFs (PSFs) associated with BSFs [10] [11] [12] [13] [14] [15] . BSFs and PSFs are very deleterious to the performance of GaN-based devices. Epitaxial lateral overgrowth (ELO) which was successful in suppressing dislocations on c-plane GaN was tested to reduce the density of SFs in semipolar and nonpolar GaN [16] [17] [18] [19] [20] . This second-generation attempt was found to be ineffective as lateral overgrowth along the N-polar (0001 ̅ ) direction caused the formation of new SFs 16, 17 . Several groups have developed an approach which we term orientation controlling epitaxy (OCE) to grow large-area semipolar GaN using patterned substrates [21] [22] [23] [24] [25] . This approach, designated as the third generation, was accomplished by selective area growth of GaN from inclined sidewalls on stripe-patterned sapphire or Si substrates. A schematic drawing about OCE of semipolar GaN on patterned sapphire or Si substrates is shown in Fig. S1 in Supplementary
Information. During the OCE process, c-plane GaN is selectively grown on the exposed 3 sapphire (0001) or Si (111) sidewalls. Once GaN grows out of trenches and coalesces with neighboring stripes to form a continuous film, a nonpolar or semipolar orientation of GaN is produced in the normal direction of the substrate. In spite of its flexibility in rendering almost arbitrary crystallographic orientations of GaN, the process of OCE still produces SFs albeit with a somewhat lower density [26] [27] [28] . It remains highly desirable to eliminate the SFs and produce SF-free semipolar or nonpolar GaN films on large-diameter substrates.
In this study, we report a method to achieve SF-free semipolar or nonpolar GaN by heteroepitaxial growth on large-sized foreign substrates. We will discuss the origin of the generation of SFs, disclosing the general principle of eliminating these otherwise persistent defects, and demonstrating a particular solution. As an example, we will demonstrate the GaN/sapphire template is micro-facetted with a combination of (101 ̅ 0 ) and (101 ̅ 1 ) facets, because of the thermodynamic properties of different GaN crystallographic planes. To demonstrate its utility, we performed chemo-mechanical polishing (CMP) to achieve atomically smooth semipolar GaN surface; high-performance InGaN LEDs are obtained on the SF-free semipolar (202 ̅ 1) GaN/sapphire templates.
Analysis of kinetic Wulff plot
As reported previously, the presence of nitrogen-polar (N-polar) (0001 ̅ ) facets interacting with foreign interface would typically result in the generation of SFs in semipolar or nonpolar Ge-doped GaN is dramatically enhanced and becomes much fast than (1011 ̅̅̅̅ ). According to the theory of kinetic Wulff plot, in the convex growth mode, such as during the nucleation stage and selective growth before coalescence, the facet with fast growth rate would disappear and the crystal would be dominated by the facets with slow growth rates 30, 31 .
OCE of semipolar (20 ̅ 1) GaN
5
As described earlier, OCE is a process of combining substrate patterning with selective area growth to "rotate" the surface orientation of GaN from conventional (0001) to nonpolar and semipolar directions. Semipolar (202 ̅ 1) GaN has been grown on patterned sapphire substrates (PSS) using OCE 28 . Fig. 1c shows 
Materials characterization results
After we obtained before 27 , indicating an improved quality of GaN is achieved in this work. facet is energetically unstable and consists of two stable facets, (101 ̅ 1) and (101 ̅ 0) 23, 27 . Fig. 4a shows a plane-view SEM image of (202 ̅ 1) GaN after CMP, indicating that a smooth surface has been obtained. The surface of polished (202 ̅ 1) GaN was further examined by atomic force microscopy (AFM). Fig. 4c shows an AFM image with a scan area of 10 × 10 μm 2 and the rootmean-roughness (RMS) is around 0.5 nm. Plan-view panchromatic CL image is shown in Fig.   4b , taken from the same area shown in Fig. 4a . Defects including SFs and TDs would exhibit dark contrasts in CL scan image since these defects are non-radiative recombination centers.
Usually, SFs as planar defects appear as dark line contrast in CL scan image 23, 25, 27 . A CL image of an undoped (202 ̅ 1) GaN grown on PSS is shown in Fig. S6 in Supplementary Information and dark line contrast is observed due to the existing of BSFs. As seen in and showed that we could achieve SF-free semipolar (202 ̅ 1) GaN across the entire 4-inch wafer. Low-temperature photoluminescence (LT-PL) was conducted to supplement the microstructural study of 10 μm Ge-doped GaN. As it has been reported that the presence of BSFs will give rise to distinct PL features at low temperature [40] [41] [42] . Two (202 ̅ 1) GaN samples on sapphire were studied. One is a standard, undoped OCE GaN template while the other is with Ge-doping. At 10K, near-band-edge (NBE) emission at 3.48 eV is observed for both undoped and Ge-doped (202 ̅ 1) GaN. As shown by the blue curve in GaN on sapphire substrates, with the performance very similar to that on GaN bulk substrate.
Our work opens up a new insight about the heteroepitaxial growth of nonpolar/semipolar GaN and provides an approach of producing SF-free nonpolar/semipolar GaN material over large-area wafers which will create new opportunities in GaN optoelectronic and microelectronic research. 
Methods

Study of SAG and kinetic Wulff plot
The selective area growth (SAG) was conducted on SiO2-masked openings of annular ring and circle pattern on a-plane GaN/sapphire templates, as shown in The growth rates of different facets can be varied dramatically by different dopants. N-polar (0001 ̅ ) facet is the facet with the slowest growth rate in undoped, Si-doped and Mg-doped GaN.
However, the growth rate of N-polar (0001 ̅ ) facet in Ge-doped GaN is dramatically enhanced and becomes much fast than (1011 ̅̅̅̅ ). 
